Introduction
Proto-oncogenes are normal genes involved in cell differentiation, growth, proliferation and apoptosis, and when mutated or overexpressed can cause normal cells to become cancerous. 1 Tumor development and progression is associated with local and systemic immune suppression and dysregulation. Immune mechanisms play an integral role in the formation of tumor microenvironment, tumor growth and establishment of metastases. 2 The main cause of immune abnormalities in cancer is often attributed to the suppressive factors produced by tumor cells or tumor-polarized immune and stromal cells. The role of oncogenes and onco-suppressors is well appreciated and studied in tumor development; however, their role in immune cell defects during carcinogenesis and tumor growth and progression is not well understood. Proto-oncogenes have been evaluated primarily in cancerous and premalignant cells, in spite of the fact that they are expressed in almost all cell types, including cells of the immune system. There are only a few reports focusing on the immune-modulating mechanisms of oncogenes expressed in cancer cells, immune cells or in the tumor microenvironment.
The carcinogenetic process is initiated by chemical, biological and/or physical carcinogens or spontaneous mutations and driven by the progressive accumulation of oncogenic mutations and epigenetic aberrations in the expression of many genes with various functions. Despite multiple mutations and epigenetic aberrations, the reversal of a small subset of these genes often significantly attenuates tumor growth. This is the basis of the "oncogene addiction" postulate 3, 4 that emphasizes the deceptive dependency of cancer on a small number of genes for the preservation of the malignant phenotype. 5, 6 Oncogene addiction has traditionally been thought of as a cell-intrinsic submit your manuscript | www.dovepress.com
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Zakiryanova et al characteristic, such as proliferative arrest, apoptosis, differentiation and cellular senescence. However, recent data suggest that oncogene addiction may be dependent upon host immune-mediated mechanisms, including specific immune effector cells and cytokines regulating cancer cell senescence and tumor-associated angiogenesis. 7 Preliminary work indicates that removal of a single oncogene may induce tumor cell death by a cell-intrinsic mechanism which is accompanied by liberating tumor-associated antigens, cytokines and immunomodulators that activate antigen-presenting cells and boost the antitumor immune responses. 8 Targeted inactivation of the MYC, BCR-ABL or HER2/neu oncogenes correlates with tumor infiltration by CD4+ T cells, TGF-β expression and inhibition of tumor growth. [9] [10] [11] Additionally, proto-oncogenes are expressed ubiquitously in many cell types, including immune cells, and their removal or inactivation can have a direct effect on the functions of immune cells in different pathophysiological conditions. For example, certain proto-oncogenes may be activated in systemic lupus erythematosus, Sjögren's syndrome, rheumatoid arthritis, progressive systemic sclerosis and dermatomyositis, supporting a hypothesis that oncogenes might play the role of "rheumogenes" at certain conditions. 12 However, the activation of oncogenes in autoimmune conditions seems to be not associated with gene mutations, demonstrating that autoimmunity 13, 14 encompasses different mechanisms of oncogene activation than do many malignancies.
Understanding how molecules targeting oncogenes can harness context-dependent cellular functions is clinically important. Increasing our knowledge about oncogenedependent pathways in immune cells will provide direction for novel therapeutic application of existing and new agents in a variety of immune-mediated diseases, including cancer.
Another interesting aspect of "oncogenes and immunity" may be the role of oncogene-controllable immune responses in spontaneous cancer regression, which is a rare but welldocumented clinical phenomenon. Spontaneous regression is defined as the partial or complete disappearance of a tumor in the absence of any treatment capable of regression, and was reported in virtually all types of human cancers, although the greatest number of cases were reported in patients with neuroblastoma, renal cell carcinoma, malignant melanoma, basal cell carcinoma and other so-called immunogenic tumors. 15, 16 For instance, some estimations suggested that the rate of spontaneous regression in melanoma could be between 10% and 20%, based on histological studies that showed that 25% of melanomas have evidence of partial regression, which suggests that melanomas can induce immune responses and that some patients display immunity to their melanomas that keep the tumor under some sort of control. 17 While there is evidence of regression in as many as 50% of basal cell carcinomas of the skin, clinical studies on the effect of immunotherapy on basal cell carcinoma reported that tumors disappeared in 20% of patients on the placebo arm of the trial, indicating that about 20% of basal cell carcinomas undergo complete spontaneous regression. 18 Various mechanisms are considered to be associated with this phenomenon, including suppression or loss of essential oncogene expression, 19 tumor inhibition by growth factors or cytokines, induction of differentiation, inhibition of angiogenesis, hormonal mediation and tumor necrosis. 20, 21 However, the mechanisms that are most often implicated in driving the spontaneous regression of cancer are believed to be associated with immune system activation or reactivation. [21] [22] [23] [24] However, one may suggest another mechanism, which has not been considered -activation of immune response, in particular innate immunity, associated with the ability of immune cells, including NK cells, to "sense" oncogeneic stress in the tumor microenvironment. In fact, the mechanisms that detect cellular stresses that are accompanied by tumorigenesis and that culminate in the recognition and, in some cases, the elimination of tumor cells, NK cells, and other lymphocytes that express NK cell receptors are well known. 25 Thus, it is possible that lost oncogene expression or induced cancerous cell differentiation might provide a signal detected by NK cell receptor-expressing cells and that this signal is essential for initiating efficient tumor elimination. This pathway may also explain the absence of detectable T cell responses often described in cases of spontaneous cancer regression.
The role of oncogenes in the regulation of immune cells: NK cells
Analysis of immunological abnormalities in cancer is usually associated with investigations of immunosuppression induced by cancer cells and tumor stromal elements. The phenotypic and cytotoxic activity of NK cells in the tumor environment in vitro and in vivo has been repeatedly described [26] [27] [28] with tumor-associated NK cells displaying marked phenotypic and functional alterations. Alterations include changed expression of NKp30, CD16, DNAM-1 and ILT2, decreased cytotoxicity and reduced IFN-γ production. [29] [30] [31] The presence of a CD56 bright CD16
+ NK cell subset with unregulated expression of activating receptors, perforin molecules and high activity was also reported in the tumor-draining lymph nodes in melanoma patients. 32 Similar alterations in peripheral blood NK cells from patients with solid tumors were also reported. 33, 34 ImmunoTargets and Therapy 2018:7 submit your manuscript | www.dovepress.com
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In general, it is accepted that there is a direct correlation between the degree of immune alterations and the stage of disease. Recent data, however, suggest that there is no such correlation in a number of cases. Stage I lung adenocarcinoma lesions already harbor significantly altered T cells and NK cell compartments. 35 The authors examined whether the immune composition of the tumor differed between earlystage (stage I) and later-stage (stages II and III) tumors. They determined that almost all immune changes detected in laterstage tumor lesions were already present in stage I tumors. The distribution of immune cell subset's frequency did not significantly differ across the tumor stages. Interestingly, NK cells were strongly reduced in tumors, and the few remaining NK cells expressed lower levels of granzyme B and IFN-γ compared to the normal lung NK cells. 35 Cancer can be initiated by genetic events that activate proto-oncogenes and inactivate tumor-suppressor genes; however, there is limited research on oncogenes and oncosuppressors associated with the immune system. Recent evidence indicates that oncogenes may directly regulate immune responses leading, in part, to immunosuppression. An innate immunosurveillance mechanism is causally linked to cancer-specific genetic lesions. NKG2D is an activating receptor expressed on human and mouse NK cells that recognizes a diverse family of ligands. Engagement of NKG2D activates the cytotoxic activity of NK cells against cells expressing these ligands. Therefore, tumor cells expressing NKG2D ligands could be eliminated by NKG2D+ cells, including NK cells. Because oncogenes drive malignant cells to apoptosis resistance and uncontrolled proliferation by altered expression of many critical genes, the expression of NKG2D ligands may also be affected by oncogenes. In fact, the c-Myc oncogene can upregulate the expression of NK cell-activating ligands in cancer cells, making them targets of NK cell cytotoxicity: there is evidence that NKG2D ligands are induced on spontaneously arising tumors in a murine model of lymphomagenesis (surface expression of Rae1) and that c-Myc is involved in their regulation. 36 Transcription of NKG2D ligands is differentially regulated by the k-ras, c-Myc and Wnt pathways. 37 Inhibition of k-ras and c-Myc increased the expression of NKG2D ligands (such as MICA, MICB, ULBP1 and ULBP2) and enhanced the susceptibility of cancer cells to NK cells. The authors proposed that the cytotoxicity of NK cells exclusively depended on the amount of surface NKG2D ligands. Another work found that the deletion of the tumor-suppressor Rb, overexpression of a mutated proto-oncogene Ras or both in cancer cells can alter the expression of NK cell receptor ligands, such as MHC-I, Rae1α and Rae1δ, that are associated with resistance to NK cell-mediated cytotoxicity. 38 Ras activation in mouse and human cancer cells has been reported to upregulate the expression of NKG2D and Raet1 protein family members Rae1α and Rae1β. 39 Oncogenic stress by Myc expression has been shown to induce DNA damage through a variety of mechanisms. In turn, DNA damage can also lead to NKG2D ligand expression. Mouse and human NKG2D ligands can be upregulated in nontumor cell lines by genotoxic stress and stalled DNA replication, conditions known to activate a major DNA damage checkpoint pathway initiated by ATM or ATR protein kinases. 40 Thus, the DNA damage response may participate in activation of the immune system (particularly NK cells) against cancer cells.
Interestingly, Myc is known to regulate the expression of CD47 and CD274 (PD-L1 or B7-H1). Direct binding of Myc with the promoters of the CD47 and PD-L1 genes has been identified. 41 Suppression of Myc in mouse and human tumor cells decreased the levels of CD47 and PD-L1 mRNA and protein, while Myc inactivation attenuated CD47 and PD-L1 expression and enhanced the antitumor immune response. In contrast, when Myc was inhibited in tumors with constitutive expression of CD47 or PD-L1, the immune response was inhibited and tumors continued to grow. 41 Thus, Myc expression may initiate and sustain tumorigenesis in part through the regulation of immune mechanisms. Furthermore, c-Myc is involved in IL-15 signaling pathway, which is critical for NK cell maturation and homeostasis. 42 It has been reported that the overexpression of c-Myc during NK cell development contributes to the overall transcription of multiple KIR genes. Binding of endogenous c-Myc to the distal promoter element is significantly enhanced upon IL-15 stimulation of peripheral blood NK cells and correlates with an increase in KIR transcription. This provides a direct mechanistic link between NK cell activation signals and KIR expression required for acquisition of the effectors' function during NK cell education.
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Oncogenes in the regulation of immune cell metabolism c-Myc functions as a transcription factor promoting expression of numerous target genes to coordinate cell death, proliferation and metabolism. 44 Beyond cancer, Myc is involved in many physiological and pathophysiological pathways, including the regulation of immunity and development of immune-mediated diseases, where Myc controls the expression of target genes to synchronize proliferation, death and submit your manuscript | www.dovepress.com
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Zakiryanova et al metabolism at the cellular, tissue and organism levels. 45 It has been reported that Myc family members play important roles in regulating the differentiation and activation of both innate and adaptive immune cells during development and after immune stimulation. c-Myc participates in the B cell receptor (BCR)-mediated transcriptional network, where it plays an important role in maintaining B cell homeostasis by regulating B cell growth, differentiation and apoptosis. c-Myc-negative B cells have a weak response to BCR signaling and are resistant to apoptosis. 46 Furthermore, Myc expression results in sustained increases in intracellular Ca 2+ and NFAT nuclear translocation, which are required for Myc to stimulate B cell proliferation and differentiation. 47 These results revealed a novel mechanism by which Myc amplifies Ca 2+ signals in B cells, thereby enabling the concurrent expression of Myc-and Ca
2+
-regulated target genes. Metabolic reprogramming is a hallmark of cancer progression. 48, 49 Given that immune cells have emerged as central players in tumor growth and progression, metabolic reprogramming of immune cells in cancer and its contribution in cancer progression have been well investigated. 50 However, the involvement of oncogenes in these alterations in immune cells is not well characterized. New evidence suggests that by controlling the expression of a wide array of metabolic genes in immune cells, Myc family members organize metabolic programs to sustain immune functions. 51 c-Myc regulates the proliferation of T cells primarily through controlling the cell cycle. 52 Myc also has an essential role in the upregulation of glutaminolysis upon activation of T cells, potentially through the mTOR pathway. 53 These studies implicate Myc as an essential coordinator of T cell activation-induced cell growth, proliferation and metabolic reprogramming. Moreover, it is important to note that T cell activation-induced glycolysis and glutaminolysis are reminiscent of the metabolic changes in tumor cells, where both anaerobic glycolysis and glutaminolysis are induced by oncogenic signals.
p53 mutations are the most common cancer-associated mutations. The proneness of p53-knockout mice to develop T cell lymphomas underlines the role of TP53 in regulating T cell proliferation. 54 In addition, the synergy between c-Myc and TP53 in establishing T cell malignancy has also been reported. 55 p53 is induced in activated T cells and contributes to T cell homeostasis, 56 thereby both c-Myc and p53 are induced upon T cell activation. Induction of TP53 leads to reduced expression of c-Myc, while inhibition of c-Myc results in lower levels of TP53. 57 Thus, one can conclude that the c-Myc-p53 feedback mechanism contributes to the cessation of T cell proliferation in the immune response.
Induction of c-Myc following activation of T cells contributes to upregulation of TP53, which in turn can downregulate c-Myc levels. This will contribute to cessation of T cell proliferation and to T cell homeostasis. 57 
Oncogenes and transcription factors as regulators of immune cell maturation
The antitumor capacity of NK cells, as well as other immune effector cells, depends on their development, maturation and homeostasis. The assumption of immaturity of NK cells as a reason for their functional insufficiency in lung cancer and malignant melanoma was published for the first time by Sibbitt et al in 1984. 58 The results revealed a normal number of NK cells, which displayed reduced cytotoxic activity; this functional deficiency of NK cells was not due to the suppressive effect of other cells. Unusual disruption of the maturation of NK cells, independent of the negative influence of T cells, was also demonstrated in the mouse model. It was experimentally proved that the NK-ripening block was not mediated by T lymphocytes; no direct contact with tumor cells or microenvironment was required. 59 Studies of patients with breast cancer showed a significant increase in the total number of activated peripheral blood NK cells. 60 Similarly, another study of NK cells in peripheral blood of patients with breast cancer showed a significant increase in immature NK cells in the total cell pool. 61 Heterogeneity and plasticity of NK cells was also apparent in these patients, which indicates an inhibition of NK cell differentiation in cancer. 62 The hypothesis of an inhibition of the maturation and differentiation of NK cells is supported by the analysis of transcription factors responsible for these processes. The functional development of NK cells largely depends on transcription factors such as the Eomes. It was shown that maturation of NK cells, characterized by acquisition of a diverse repertoire of activating and inhibitory Ly49 family receptors, depends on Eomes. Deletion of Eomes from mature NK cells caused reversion to a more immature state. 63 Loss of both T-bet and Eomes from mature NK cells resulted in loss of classical NK antigens. 64 Thus, expression and function of T-bet and Eomes define the key genetically separable molecular checkpoints of NK cell maturation. 65 The sensitivity to cancer, in particular to melanoma, was enhanced in the absence of T-bet due to the defects in maturation and development of NK cells in vivo.
T-bet appears to be particularly important for NK cell control of metastatic disease in mouse models. [66] [67] [68] The persistent hyperactivity of the transcription factor -STAT5 -in NK cells was revealed in patients with
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Oncogenes and immunity melanoma and metastatic renal cell carcinoma. 69 STAT5 is responsible for maturation of NK cells. 70 In addition, it is a proto-oncogene, and its hyperactivation accompanies the development of many malignant neoplasms. 71 Analysis of gene expression in freshly isolated and ex vivo-cultured NK cells obtained from patients with progressive cancers also revealed PI3K/AKT hyperactivation. 72 In our recent study, c-Myc expression in peripheral NK cells from patients with cancer was estimated by the Smart Flare method for the first time. c-Myc expression was significantly decreased in NK cells in all cancer patients independently of tumor location, stage of disease or the presence of metastases. 73 Marked changes in the expression of other oncogenes, such as c-kit, STAT3 and soluble and membrane-bound forms of ligand for c-kit/stem cell factor (SCF), were also found in these NK cells. c-Kit expression in NK cells was significantly decreased in all patients. Expression of SCF had a clear tendency to be decreased, as well as c-kit did. 73 Alterations of the c-kit/ SCF autocrine loop in NK cells in cancer seem indicated. In contrast, STAT3 expression in NK cells was significantly increased in lung cancer patients compared to healthy control donors. The disturbances of c-kit and c-Myc expression in NK cells may cause the reduced viability of NK cells, which may contribute to the decreased antitumor cytotoxicity of NK cells in patients with cancer. 73 In addition to NK cell mechanisms, Myc plays an important role in cancer-related macrophages. c-Myc is induced in human macrophages during an alternative in vitro activation suggesting it plays a role in the polarization of macrophages. 74 Macrophage-polarized activation is involved in immune responses and tumor biology. In addition, immunohistochemical analysis of colon and breast tumor samples has identified c-Myc expression in human tumor-associated macrophages (TAMs). c-Myc is expressed in vivo in human TAMs but not in resting macrophages. 75 The authors note an interesting fact that c-Myc was induced in macrophages exposed in vitro to conditioned medium from different human tumor cell lines and was detected in CD68-positive macrophages-infiltrating human colon tumors. They hypothesized that there was a common mechanism of c-Myc upregulation in human TAMs in different tumor microenvironments. They concluded that c-Myc is a key element in alternative macrophage activation through the induction of alternative activation genes, likely via STAT6 and PPAR signaling. 76 c-Myc also controls the expression of other important molecules (MMP9, VEGF, HIF-1 and TGF-β) in myeloid cell differentiation and polarization. 77 Other oncogenes may also be involved in alternatively activated type 2 macrophage (M2) polarization. Endogenous p53 regulates M2 polarization in inflammation and during LPS-associated tolerance in vitro, ex vivo and in vivo. 78, 79 The authors suggest that p53 has an urgent role in regulating M2 polarization. Maintaining p53 in a state of low activity in M2-polarized cells is required to facilitate M2 gene expression. Thus, p53 may reduce the density and the protumoral phenotype of M2-like TAMs. Recent reports confirm such a role of p53 in TAM biology.
80,81
Mutations of oncogenes in immune cells in cancer
There are several complimentary theories explaining the initiation of carcinogenesis, and the basic and widely accepted theory is the mutation theory, according to which cancer develops from a single tumor cell. Per this theory, cancer in the human body arises from the accumulation of mutations in DNA, which lead to the formation of defective proteins. The founder of the theory is the German biologist Teodor Boveri. In 1914, he suggested that disorders in chromosomes could lead to cancer. Later, these disorders were qualified by him as mutation-associated diseases. Mutations in oncogenes and suppressor genes are central to these theories, 82 and mutations that occur in somatic cells can affect immune cells as well. In fact, there are serious abnormalities in the cytotoxic activity and in the number of NK cells in patients with a mutation in GATA2. The fact that it was the GATA2 mutation that caused these defects was confirmed by sequencing of DNA derived from a stored IL-2-dependent T cell line obtained from these patients. Although the NK cell population appeared to express low levels of GATA2, its expression was almost exclusively restricted to the CD56 bright cell subset. 83 Densitometry analysis showed a 15-fold increase in GATA2 expression in CD56 bright NK cells compared with CD56 dim cells. The authors noted a decrease in the expression of CD117 and NKG2D in these patients. GATA2 regulates cell surface markers required for NK cell development, such as CD117. Therefore, GATA2 is a cell-intrinsic factor required for NK cell maturation and the generation or survival of CD56 bright cells. GATA2 mutation is a likely cause of a classical NK cell deficiency.
Recently, DNA sequences of cells obtained from breast cancer patients have revealed mutations in the genes related specifically to immunity. 84 Although tumor viruses have been found in the normal breast, most women are infection free. It might be assumed that the development of cancer requires compromise of antiviral immunity. 85 It was also reported that of the 1,175 shared genes that had mutations in the initial set of breast and cervical cancers, approximately 385 genes (33%) could be involved in encoding proteins impacting the 
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Zakiryanova et al immune system. 86 The author assessed 303 breast and cervical cancer samples, and all 303 specimens had mutations in multiple genes that could cause some deficiencies in immune responses. For example, Granzyme A and H genes were mutated in two breast cancers, and perforin 1 was mutated in another sample. In another report, mutations of kinases and the ubiquitin system in immune cells were investigated due to the relationship between phosphorylation and ubiquitylation events in the innate immune signaling networks. Almost 10% of all human genes encode proteins that control reversible phosphorylation or ubiquitylation of proteins. 87 Moreover, mutations in other proteins, such as ligands, receptors and adaptors, affect protein phosphorylation and ubiquitylation indirectly by suppressing or enhancing the activation of particular signaling networks. 
Conclusion
Evasion of immune defense by cancer is one of the key mechanisms of carcinogenesis. Studies in this area have been intensively conducted all over the world and accelerated development of novel and efficient immunotherapeutic approaches. The novel view of this field -the relationship between the expression of oncogenes and the defects in the immune system -has not yet been fully evaluated or comprehensively discussed. Understanding this new pathway of cancer-associated immune dysfunction has broad implications: it may suggest that the mechanisms of "oncogenetargeted drug therapy" may overlap with immunotherapy. For instance, Myc regulates the expression of two immune checkpoint proteins on the tumor cell surface -CD47 and PD-L1 -by directly binding to their gene promoters. The inactivation of Myc in mouse models of cancer led to the lower expression of CD47 and PD-L1, enhancing the antitumor immune response. 41 Another example represents a different scenario where inhibition of receptor tyrosine kinase c-MET can improve cancer immunotherapy not via its effect on c-MET activity in malignant cells but by affecting the interaction of immunesuppressive neutrophils with tumor-specific CD8+ T lymphocytes. 90 Inhibitors of the receptor tyrosine kinase c-MET are currently used in the clinic to target oncogenic signaling in cancerous cells. Using the murine tumor model, the authors reported that concomitant c-MET inhibition promoted adoptive T cell transfer and checkpoint immunotherapies by promoting tumor infiltration by effector T cells. Mechanistically, c-MET inhibition reduced the reactive mobilization and recruitment of neutrophils into the tumor site and draining lymph nodes in response to immunotherapy. In the absence of c-MET inhibition, neutrophils recruited to T cell-rich areas rapidly acquired immunosuppressive properties, preventing expansion of T lymphocytes and their effector functions. 90 More studies are needed to determine the potentially negative impact of oncogene-targeting therapy in clinical settings and to design promising strategies to avoid disrupting the beneficial effects of oncogene on antitumor immune functions. This work could also have implications for significantly improving the efficacy of immune-based cancer therapies. In addition, understanding the role of oncogenes in immune cells for potentially predicting and controlling the benefits and disadvantages of oncogene-targeting therapy in antitumor immune functions, especially when combined with immunotherapeutic approaches, is a very important, but undeveloped area of clinical research. Future basic and clinical studies investigating targeted treatment and immunotherapies will reveal even more about how oncogenes use the immune system to support tumor development and progression, as well as how they can be used to cure cancer and metastatic disease.
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